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57] ABSTRACT

A mechanism 1s provided that transforms a class hierarchy
of an object-oriented program to a new class hierarchy based
upon a set of rules. The new class hierarchy 1s constructed
by transforming a class hierarchy based upon a set of
transformation rules which perform one of the following
operations: 1) merging of two classes; 11) removing a virtual
inheritance relation; and iii) replacing a virtual inheritance
relation with a non-virtual inheritance relation. The trans-
formation 1s preferably generated on either a specialized
class hierarchy or a class hierarchy obtained by class hier-
archy slicing. Thus, the new class hierarchy 1s a stmplifica-
tion of the inheritance structure, which may result in a
reduction 1 the number of compiler-generated fields in
objects, and hence in a reduction of object size of the
program.
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class S {

public:
int y;
virtual void foo();
void bar();

}s

class A {
public:
int Xx;

}s

class B : public A, virtual public S {
public:
virtual void foo();

}s

class C : public A, virtual public S {
public:
void bar();

class D : public B, public C {

}s

Figure 3: Example of a C++ class hierarchy.
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/* VisibleOccs finds all “yisible occurrences” of a member m 1n a grven subobject. */

(1] function visible-occs{SubObjectGraph G, subobject n, member m): SubObjectSet;
(2] begin

[3 Let [C,Dl s o Dn] = n;

(4] if (class Dn contains member m) then

/* If the least derived class of n contains m */
/¥ this 1s the only visible occurrence, because st hides all */
/* other occurrences of m */

[5] S=4{{n };

[6] else
/* Otherwise, Dn doesn’t contain m itself. */
/* Go “up” in the subobject graph to all “parent nodes” */
/* of n, and look for m there ¥/

7] S =0

8} for each subobject n’ that is immediately contained in n do
[9] S := S U visible-occs(G,n', m);

[10] end for

11] end if

12] return S;

13] end;

/* For a static lookup of a member m, static-lookup ¥/
/* determines tn whach subobject the selected m 1s located */
[14] function static-lookup{SubObjectGraph G, subobject n, member m): subobject;

[15] begin

16! S = visible-occ(G,n,m);

17 Let n’ be the unique minimal subobject in S that contains all other subobjects in S;
18] return n’;

19] end;

/* For a cast to type C, typecast determines the */
¢ selected subobject with least derived class C */
[20] function typecast(SubObjectGraph G, subobject n, class ('): subobject;

[21] begin

(22] Let ' be the unique subobject that 1s contained in n and whose least derived class 1s C;
(23] return n';
24| end;

/* compose: composttion of subobjects */

25] function compose(SubObject ny | SubQObject ny): SubObject;
26 Let [D,Cy---Cr] = n;

27 Let [Cr By --- Bn] = n';

(28] if (Crn = B1) then

29 return [D,Cy ---Cr - By --- Bn};

30 else

(31 return {D,B, -- - Br];

[32] end if

{33] end;

Figure 6: Pseudo-code for Static Léokup and TypeCast operations.
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procedure DetermineBasicInfo(Program P);
begin

call DetermineVariables(P);

call DeterminePointsTolnfo( P);

call DetermineMembers(P);

call DetermineAssignments( P );

call DetermineMemberAccessOperations(P);
end;

/* procedure DetermineVariables collects all variables in the program whose type 1s */
/* a class, and stores this . {formation in variable class Vars. Similarly, all variables */

* in the program whose type is a pointer to a class are stored in variable classPtrVars.

procedure DetermineVariables(Program P};
begin
let class Vars be the empty set]
let classPtrVars be the empty set;
for each variable v in P do
if (the type of v in P is a class C then
classVars := classVars U {v};
elsif (the type of v in P is a pointer to a class C then
classPtrVars := classPtrVarsU {v };
end if
end for
end;

/* procedure DeterminePointsTolnfo determines for each variable in classPtrVars, a */
/* conservative approximation of the vanables ‘n class Vars that it may point to. */
procedure DeterminePoints Tolnfo{ Program P);
begin

let points To be the empty set;

for each variable p in classPtrVars do

for each variable v in classVars do

5,983,020

if (p may point to v) then /* use existing algorithm for points-to/alias analysis to determine this */

points To := pointsTo U {{p,v) };
end 1f
end for
end for
end;

/* procedure DetermineMembers collects all data members in the program, and stores them in dataMembers ™/

/* Similarly, all non-virtual methods are stored 1n nonVirtualMethods, and all virtual methods

/* in virtualMethods */
procedure DetermineMembers{Program P},
begin
let dataMembers be the elupty set|
let non VirtualMethods be the empty set;
let virtualMethods be the empty set;
for each member m in the class hierarcky of P do
if (m is a data member) then
dataMembers := dataMembersU {m };
elsif (m is a nonvirtual method) then
non VirtualMethods := nonVirtualMethods U {m };
elsif (m is a virtual method) then
virtualMethods := virtualMethods U { m };
end if
end for
end;

Figure 8: Pseudo-code for Step 701 of Figure ¢ (Part 1).
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/* Procedure DetermineAssignments iteratively collects all assignments that occur in a program */
* and stores an abstract representation of these assignments in assignments. */
[1] procedure DetermineAssignments(Program P);

2] begin

[3] let assignments be the empty set;

(4] for each assignment A in P do

(5] if (A is of the form v = w, for some v, w in classVars) then

[6] assignments := assignments U { (v,w) };

[7] elsif (A is of the form p = &w, for some p in classPtrVars, w in classVars) then
[8] assignments := assignments U { (*p, w) };

(9] elsif (A is of the form p = ¢, for some p, ¢ in classPtrVars) then

[10] assignments := assignments U { (+p, «q) };

[11] elsif (A is of the form #p = w, for some p in classPtrVars, w in classVars) then
[12] assignments := assignments U { {+p, w) };

(13] elsif (A is of the form v = *¢, for some ¢ in classVars, ¢ in classPtrVars) then
[14] assignments := assignments U {{v,*q) };

[15 elsif (A is of the form sp = =¢, for some p, ¢ in classPtrVars) then

[16 assignments := assignments U { (*p, *¢} };

[17 end if

(18 end for

[19] end;

/* Procedure DetermineMemberAccessOperations callects all member access operations that occur in */
* the program, and stores an abstract representation of these operations in memberAccess */

[20] procedure DetermineMemberAccessOperations{Program P},

[21] begin

[22] let emberAccess be the empty set;

[23 for each operation v.m 1n P do

[24] memberAccess :— memberAccess U { (m,v) };
(25] end for

[26] for each operation p->m in P do

[27] memberdAccess :— memberAccess U { {m,*p) }i
[28] if (m € virtualMethods) then

[29] for each (p, ) € pointsTo do

{30] memberAccess := memberAccess U { {m, ) };
(31 end for

[32] end 1if

(33] end for

{34] end;

Figure 9: Pseudo-code for Step 701 of Figure 7 (Part 2).
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/* Procedure DetermineEquivalenceClasses partitions the variables in class Vars and classPtrVars */

/* into equivalence classes,

cuch that two variables in the same ¢, 1ivalence clrss must have exactly the */

* same type in the specialized class hierarchy. */
[1] procedure DetermineEquivalenceClasses(Program P);

[2] begin

/* Compute subobject graph & for program P */

[3] let G be the subobject graph for program P;
/* Initially, cach variable 1s in an equivalence class containing only itself */
[4] for each variable v in (classVars U classPtrVars) do
(5] let the equivalence class |v| for variable v consist of { v };
(6] end for
/* If variables are indirectly assigned to each other, merge their equivalence classes */
(7] for cach pair of variables v, w in (¢classVars U classPtrVars) do
(3] if (assignments contains clements

(vir’l}*r (EII:J)I Tty (Im1 'UJ) and
(w1y1)1 (y1.y:), Ty {yn:”)

for some =4,

.. z, and y1,---, ym in {classVars U classPtrVars)) then

(9] merge equivalence classes {v} and jw|;
(10] end if
/* If two variables access a replicated class, merge their equivalence classes */
[11] if assignments contains clements (z, v) and (z,w), for some = such that
the type of T occurs in ReplicatedClasses(P) then
[12] merge cquivalence classes |v] and |wi;
[13] end if

/* 1f two variables access a

data member that occurs a replicated class, merge their equivalence classes */

/* In addition, if two pointer variables access a virtual method in a replicated class, merge their equivalence classes */

[14] if (emberAccess contains elements (m,v) and {m, w}, for some m such that
(1) {m occurs in dataMembers) or (m occurs in virtualMethods and v and w occur in classPtrVars)

(2) there1s a

subobject n such that n = static-lookup(G,(V,V],m) and

n = static-lookup(G, [W, W], m) where V is the type of v, and W the type of w, and
(3) the least derived class of n occurs in ReplicatedClasses(FP)) then
15 merge equivalence classes |v} and |wd;

'16] end if

/* 1f two variables access a

member definition that occurs a replicated class, merge their equivalence classes */

[17] if (memberAccess contains elements {m, v} and (m, w}, for some m such that
(1) (m occurs 1n non VirtualMethods) or (mn occurs in virtualMethods and v and w occur in class Vars)

(2) there 1s a

subobject n such that n = static-lookup(G,[V,V],m) and

n — static-lookup(G,[W,W]}, m) where V is the type of v, and W the type of w, and
(3) the least derived class of n occurs in ReplicatedClasses(FP)) then

[18] merge equivalence classes [v| and | ;
[19] end if

[20] end for

(21] end;

/* Determine the set of replicated classes, i.e., classes X for which thereis a subobject n containing */
/* two distinct subobjects with least derived class X */

22] procedure ReplicatedClasses(program F}. ClassSet;

23] begin

(24 et repClasses := @&,

(25] for each class X in the hierarchy of program F do

[26) if there is a subobject n that contains two distinct subobjects with least derived class X then
[27] let repClasses := repClasses U { X };

[28] end if

29’ end for

{30] return repClasses;

(31] end;

Figure 10: Pseudo-code for

the sub-step of Step 701 in which classes of equivalent variables are determined.
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class A {
virtual int f(){ return g(); };
virtual int g(){ return x; };
int x;

}s

class B : A {
virtual int g(){ return y; };
int y;
}s
class C : B {
virtual int £(){ return g() + z; ¥
int Z;

1

void main(){
A a; B b; C c;
A *ap;
if (...) { ap = &a; }
else { if (...) { ap = &b; }
else { ap = &c; 1}

5,983,020

-, b),

ap—>1();
}
(a)

classVars = {a, b c}

classPtrVars = {ap, A:f, A:g, Bug, Cuf }

dataMembers = {x,y,2}

nonVirtualMethods = { / ¥ the empty set * /

virtualMethods = {1f,g}

pointsTo ~ { (ap,a), (ap,b), {ap, c), (A1, a), (A::f, b)),
(C::f, ¢, (Aug, a), (B:g,b), (B:g, <) }

assignments = { (*ap,a), (*ap,b), (*ap, c}, (*A:f, a), (*A:
(xC::f, c), (*A:g,a), (*Bg,b), (*B:g, c) }

memberAccess = { (x,*Aug), (y,*B:g), (2, xC::f), (g, *A:=1), (g, *C:f),

(f,*ap}, (f!a>= (f,b), ('_f,c}, (g, 2), (g,b),

(b)

(g,¢) }

(a) Example program. (b) Information gathered by procedure DetermineBasicInfo of Figure 8.
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class B : public A {
public:
virtual void foo();

}s

class C : public A {

public:
void bar();
}i
class D : public B, public C {
b
void main(){
D d;
B *bp = &d;
A *apl = bp;
A *xap2 = bp;

int jJ = apl->x;
int k = apZ->x,;
C »xcpl = &d;

C *cp2 = &d;
cpl = cpZ;
cp2 = cpl;
}
(a)
{d}
{bp}
{ ap1, ap2 }
{ cp1, cp2}
(b)
Figure 12: (a) Example class hierarchy and program. (b) Equivalence classes computed by procedure Determi-

neEquivalenceClasses of Figure 10.
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procedure ComputeTypeConstraints(Program P);
begin

/* compute subobject graph & for program P */

3]

[48]
[49]
(50]
(51]
[52]
53]
54
55
56
57
58]
59

L

let G be the subobject graph for program P;

call ComputeAssignmentTypeConstraints(P);

call Com puthcmbcrAcccssTypeConstraints(P);

call CcrmputhﬂminanccTypeConstraints(P);
end;

function Elem(variable z£): ConstraintElement;
begin
if (z = *X::f, for some method X::f()) then
return def{X:: f);
else
return var(z});
end if

end;

procedure ComputeAssignment TypeConstraints(P);
begin
let assignTC be the empty set;
for each pair (z,y) in assignments do
let X be the type of £ 1n P;
let Y be the type of y 1n F;
n :— typecast(G,[Y,Y], X);
let § be the set of all elements Elem(z’) such that z' occurs in equivalence class |z];
let T be the set of all elements Elem(y’) such that y' occurs in equivalence class |yl;
assignTC := assignTC U (S, n,T);
end for
end;

procedure ComputhcmbcrAcccss'I'ypcGanstraints(P);
begin
let memberAccessTC be the empty set;
for each pair {m, y) in memberAccess do
let Y be the type of y in P,
n := static-lookup(G,[Y, Y], m);
X := ldc(n);
if ((y = »p, for some p in classPtr Vars) or (m in dataMembers)) then
let S be the set { dec{ X::m) };
else
let S be the set of all elements Elem{z’) such that z' occurs in equivalence class | X::m|;
end 1f
let T be the set of all elements Elem(y’) such that y' occurs in equivalence class |y|;
memberAccessTC := memberAccessTC U (5,n,T);
end for
end;

procedure ComputeDominanceTypeConstraints(P);
begin
let domtnanceTC be the empty set;
for each pair n', n of subobjects in the class hierarchy of P such that:
(1) n’ = n, or n' is contained 1n n,
(2) A is the least derived class of n',
(3) B is the least derived class of n, and
(4) A and B both contain member m do
let S4.; be the set { decl{ A:zm) };
let Ty..; be the set { dec{ B::m) };
let Syus be the set of all elements Elem(z’) such that x' occurs in equivalence class |A:m|;
let T4y be the set of all elements Elem(y') such that v’ occurs in equivalence class | B::m|;
let '’ be the subobject such that n’ = compose(n,n');
dominance TC := dominanceTC U (Sgect, '’y Taur};
if (A # B) then
dominanceT C :
dominanceT (' :
end if
ena for
end;

dﬂmlﬂﬂﬂ.CE TC U {Sd':];‘ nff! Td!ﬂ.l};
dominancelT C U {Sd.f, ﬂ-”. Td-f);

Figure 13: Pseudo-code for Step 703 of Figure 7.

5,983,020
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assignTC = { ({ var(*ap) }, [A,A),{ var(a) }), ({ var(*ap) },[B.B-4], { var(b) }),
({ var(*ap) } | c,cB A, { var(c) }), ({ def(A::£) }, [4,A],{ var(2) }),
({ def(A::1) }, [B,B-4], { var(b) }), {{ def(c::£) }, [C,C], { var(e) 1),
({ def{A::g) }, [M,A], { var(a) }), ({ def(B::g) }, [B.B], { var(b) }),
({ def(B::g) },[C,C-B],{ var(c) }) }
memberAccessTC = { {({decl(A:x)}, ;a,.&; { def(A::g) }), {{ decl(B: :y) }, [B,B], { def{B: £) s
({ decl(C::z) }, [C,C], { deflC::f) }), ({ decl(A: g) 1,[4,4],{ def(A::f) }),
({ decl(B:g) ), [C.CB), { def(C:it) ), ({ decl(A::1) }, [A,4),{ var(xap) }),
{ def(h:2) }, (M), { var(a) 1), ({ def(::t) }, (B,B], { var(®) }),
{ deflc:1) }. .0){ var(c) 1), ({ def(azig) }, (A, { var(2) }),
({ def(B::g) }. [B.B), { var(b) }), ({ def(B::g) },{C,C-B],{ var(c) })
dominanceTC = { ({def(a:1) },[C,C-B- 4], { def{C::£) }),
({ def(A::g) }, [B,B-A], { def(B::g) }),
({ decl(A::f) },[C,C-B-4] { decl(C::f) })
({ decl(A::g) }, [B,B-A], { decl(B::g) }),
({ decl{A::f) }, [A,4] { def{A::1) }),
({ decl(A::£) }, iC,C*B-A], { def(C::1) }),
({ decl(4::g) }, A,A], { def(A::g) }),
({ decl(A::g) }, [B.B-A], { def(B::g) }),
{({ decl(B::g) }, [B.B { def(B::g) }),
({ decl(C::£) }, [C.C], { def[C::1) b}

Figure 14: Type consiraints computed for the program of Figure 11(a) by procedure ComputeTypeConstraints ot
Figure 13.
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(1] function ConstructSpecializedSubObject Graph( P): SubObjectGraph;

(2] begin
/* initialize nodes and edges of specialized subobject graph */
[3] let G = (N, E) be a graph such that N is the empty set of nodes, and F the empty set of edges;
/* initialize worklist */
(4] let workList = &;
/* add element to workList for each class-typed variable */
[5] for each variable v in classVars do
[6] let V be the type of v in program P;
[7] let n be the subobject [V,V];
[8] let S be the set of all elements Elem(v’) such that v’ occurs in equivalence class |v|;
[9] workList ;= workList U { Tslﬂ_s },
{10] end for
(11] while (workListis not empty) do

[12] sclect a node £ = T'r,n, U from worklist
113] workList := workList- { z }; /* remove from workList*/
[14] N := NuU {z)}; /* add to nodes of the graph */
[15] for each constraint {S,n3, T} in (assignTC U memberAccess TC) do
(16] 'z Ts.compﬂsc(nl,ng),u;
[17] if (z' does not occur in workList or N) then /* if not already visited */
[18: worklist := workListu {z'}; /* add to workList*/
[19 end if
[20] end for
[21] end while

/* add edges of the specialized subobject graph */
[22] for each pair of nodes =’ = T¢ .+ ¢y, £ = Tr,n, ,u in N such that there exists a

type constraint (S, ng, T) in (assignTC U memberAccess TC U dominanceTC}), and
n' = compose(n,,nz) do

[23] E=Eu{z —z};
[24] end for

/* add members to nodes */
[25] for each node = = T's n.v in N do
[26] for cach element decl(A::f) in S do
[27] add the declaration of method A::f to node z,
(28] end for
[29] for each element def(A::f) in § do
[30] add the definition of method A::f to node z;
[31] end for
[32] end for
(33] return G;
34] end;
(35] function Ide(Node Ts n u) @ Class;
[36] begin
[37] return Tg;
[38] end;

[39] function mdc¢(Node T's,n,u) : Class;
[40] begin

[41] return Ty,

(42] end;

Figure 15: Pseudo-code for Step 705(a): Construction of the Specialized Subobject Graph.
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T{ decl( A::f) }.[A,A].{ var(a)} T{ decl{A::g) }.[A,A){ var(a) } T{ decl{ A::x) }.[A,A]{ var(a) }
* |
T{ var(*ap) }.[A,A].{ va.r(l) } T{ A:o) }.&\,A],{ var(a T{ ch(h::g) }.[A,A].{ var(a) }

A:g()

£Q); g0 ;

T, decl( A::f) }.[B,B-Al.{ var(b) } T decl(A::g)}.[B,B-A].{ var(b) } T, decl(B::y) }.[B,B).{ var(b) }

£Q0); g(); { y

T var(*ap) }.[B,B-Al.{ var(?) } T dega:of) },[%,B-A].{ va } T¢ LcﬂB::g) }.(B,B].{ var(b) }

|

T, decl{C::z) }.[C,C].{ var(c) }

z y
T{ decl{ A::£) }.[C,C-B-A].{ var(c) } decl(B::g) }.[C,C-B].{ var(c) } T{ decl( A::g) )\ [C,C-B-A].{ var(c)}
£0); g(); ~ g0); |
S _
T | T T
{ var{*ap) }.[C,C-B-A]{ var'(ri) } { ::f) 3.0C,C].{ var(c {J:Icf{B:: {C,C-B].{ var{c) }
| C::f () | BugO

Figure 16: Specialized subobject graph for the example program of Figure 11.
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(1] function CunstructSpcciaﬂzch]assHicrarchy'(P): ClassHierarchy;
[2] begin
(3] let H be the empty class hierarchy;

/* Compute the specialized subobject graph G */
[4] G := ConstructSpecialisedSubobjectGraph(FP);

/* Construct the classes of the specialized hierarchy */
(5] for each node n in G do
[6] add a class lde(n) to H;
[7 end for

/* Add members to the classes of the specialized hierarchy */

(8] for each class Tg 1n H do
(9] for cach element dec)(C::m) in § do
(10] add a declaration of member C::m to class Tg 1n H;
[11] end for
f12] for each element def{C::m) in S do
[13] add a definition of member C::m to class T¢ in H;
14] end for
[15] end for
/* Infer inheritance relations of the specialized hierarchy from G */
[16] for each edge £’/ — z in G do
[17] if (isVirtual(G,z’ — z)) then
[18] make class Ido(z') a virtual base class of class lde(z) 1n H;
[19] else
[20] make class lde{z') a non-virtual base class of class lde(x) 1n H;
[21] end if
[22] end for
[23] return H;
24] end;
[25] function isVirtual(SubObjectGraph G, Edge ' — z): Boolean,;
[26] begin
(27 if there are nodes 4, T3, 3, ¢4 in G such that all of the following conditions hold:
(1) Ide(z") = lde(z, ),
(2) lde(z) = ld(z3),
(3) z1 — z3 occurs 1n G,
(4) =, — =3 occurs in G, for some =3 other than z,
(5) there is a path from z; to 4 1n G, and
(6) there is & path fiom z3 to £4 1n & then
[28] return true,
[29] else
30] return false;
31] end if
32] end;

Figure 17:  Pseudo-code for Step 705(b): Construction of the Specialized Class Hierarchy.
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(1] procedure UpdateDeclarations(P};

[2] begin

3] for each variable v in classVars do

[4 let S be the equivalence class |v| for variable v;

5] replace the type of v in its declaration in P by Tg;
6 end for

(7] for each variable p in classPtrVars do

8] let S be the equivalence class |p| for variable p;

9] replace the type of p in its declaration in P by »Tg;
[10] end for

f11] end;

Figure 18: Pseudo-code for Step 705(c): Updating the declarations in the program to reflect the new, speciahized

class hierarchy.
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class T{ decl(A::x) } {

int x: Class T{ def(B::g) }T{ deci(B::y) }°
}; v::rtual T{ decl(r::g) }*
virtual T{ decl(B::g) } {
class T { . . C1.
{d?cf(i::f)} virtual int g(){ return y; }
virtual int £(); };
};
class Ty gefice:£) }1{ decl(C::z) }
class T{ d?cf(l::g)} { virtual T-[ decl(A::1) }°
}'vlrtual int g(); virtoal T{ decl(B::g) } {
’ virtual int £()}{ return g()} + z; };
‘:1"’:‘55 T{ decl(B::y) } { s
}ﬁlnt Y class T{ V&I‘(*ﬂp)} . virtaal T{ dtCI(lI:f)} { };
class T{ decl(B::g) } :  virtnal T{ decl{a::g) } { class T{ var{a) } : T{ def{A::f) } T{ def{A::g) }° T{ var{*ap) } { };
virtual int g(); . ‘
b class Ty yar(v)} © T{ def(hu)}* T{def(B::g) }+ T{ var(sap)} 1
class Ty gecj(ciiz)} 1 class T yar(c)} ¢ T{def(cut)}s T{ deffbg) }* T{var{sap) } 1}
1nt 2;
1 o
void main(){
class Ty gefrag)} © T{ deci(anx) }r VTPl T deck(ag) ) { T{ var(a)} 2 T{var(p)} ®* T{var(c)} ©
virtual int g{){ return x; }; T{ var(eap) } *2P;
| ¥ if (...) { ap = ka; }
| else if (...) { ap = bb; }
class T{ def{A::T) }vlrtual T{ decl{i::g) }* eise { ap = &c; }
virtoal T{ dcci(ﬁ::f) } { ap->1();
virtwal int £(){ return g(J); }; }
1

Figure 19: Specialized Class Hierarchy resulting from Step 705(b) and updated program resulting from Step T05(c).
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Rule 1: Merge a base class X with a derived class Y if:

1. X and Y have no members in common, except for the fact that for any member m, X may
contain a declaration of m, and Y a definition of m.

9 There is no class Z which is a direct nonvirtual base class of both X and Y.

3. If there is a direct base class X' # X of Y, and a direct derived class Y' #Y of X, then X'

is an indirect base class of Y.

4. If there are any variables in the program whose type is X, or any type Y’ # Y directly or
indirectly derived from X, then neither Y nor any direct or indirect base class X' # X of ¥
contains any data members.

5. If there are any variables in the program whose type is X, or any type Y’ # Y directly or
indirectly derived from X, and if ¥ or any direct or indirect base class X’ # X of Y contains
a declaration/definition of a virtual method, then X contains a declaration/definition of a
virtual method.

Rule 2: Remove the virtual inheritance relation between classes X and Z when:
1 X is an immediate virtual base class of ¥,
9 X is an immediate virtual base class ot Z,
3. Y is a (direct or indirect) base class of Z.

Rule 3: Replace virtual inheritance between classes X and Y by nonvirtual inheritance

1 X is an immediate virtual base clats of Y, and

9. there is no class Y’ # Y such that (1) X is an immediate virtual base class of Y, and (i1}
there is a class Z that directly or indirectly inherits from both ¥ and Y’

Figure 20: Transformation rules for the simplification of class hierarchies.
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T decia=£) )} T{ deci(®::y) }
o Lo

T{ decl{(A::x) } T{ decl(A::g; } :I ‘1‘ T{ decl(B::g) } T{ deck::C::z) }

X ] l g0 J '*,; ''''' S ‘:r *)l g(); l z 1
L N Sl R ~ — *_
Ty del{l::g) }ﬁ.*’f T def(a:t) }. .T{ var(+ap) } M Frdel(:ig) 3 wT{ def{C::£) }
E::g() A::£() B::g () ]( C:f()

'\ ! o
T varfa) ) T{ var(v) } T{m_rkc)}

T{ deci(a=g) } , T{ decl(a::1), war{*ap) } - TY deci(B::g) }

g3 l
T{ decK A::x), def(ag) } | - g T{ de IA::f)} e |
, . 4 )

X
a::g()

-------------

1:T{ decl(C::z), def{C::f) }

—
-

z
C::f()

(b)

T{ decl{A::g) } ,_‘1_1{_ deci{Az:f), var{*ap) } - T{ decl{B::g) }

g(); 3 £(); E g(); l
e i ! 1 B
g T{ def&ﬂ::fj } - 2 :‘ T{ dc!&B::g) }
1 .r" \. y i
:f ‘ .
L AL () r ~ B::g () J
T{ dec}(ﬁ.::]; )h, Hci:(:::g), 1%r(a) } T{ var(d) } 3 T{ d.:%X(C::z), t:‘.[d(c-::f), var(c) }

R X z
A::g() | Cf()

(c)

Figure 21: Tlustration of.the class hierarchies that result from applying the simplification rules of Section 5.4 to
the specialized class hierarchy of Figure 19. In the figure, boxes indicate classes, solid arrows indicate nonvirtual
(replicated) irheritance, and dashed arrows indicate virtual (shared) inheritance. An unqualfied member name inside
a box (e.g., £();) indicates that a declaration of that member occurs in the class. A qualified member name (e.g.,

£::g()) indicates a member definition and the class in the original hierarchy from where it originated (A).
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*ap), def(A:=f) } BRI . T{ decl(B::y), def(B::g) }
y
B::g ()
T{ decl(A::x), def{A::g), var{a) } - . T{ var(-bi } s "‘: T{ decl(C::z), def(C::£ ), var{c) }

. T . ""I
A:_:_E;() C::f()

(a)

T{ decl{A::g), var(*ap}, def(A::f) } T‘[ decl(B::y), def(B::g) }

gOs | L y
AEQ) h" - B::g()

T{ decl(A::x ), def{A::g}, v&r(a) } s . T{ var(hbj } - '_' T{ decﬂC::z), def(C::f), var(c) }

A _ -
X Z
Ag() C::f()

T{ decl(A::g), var(*ap), def{A::T) } T{ var{b), decl(B::y}, def(B::g) }

g0 | ] y
ﬂ::f() _ Bizg()
T-{ decl{h::x), def{A::g), V;?I‘(H.) } T{ dcci{f(ﬂ::z), def(C::t), var(c) }
X rA
A::g0) C::f ()
(¢)
T{ decl(A::g), var{*ap), def{A::f) } T{ var(b), decl(B::y), def(B::g) }
IS0 T I y
af() B:g()
T{ deci{h::x), def{A::g), Vgr(a} } T{ d:ﬁl/(c::z), def(C::£), var{c) }

X yh
A::g(} | (;'Ef() .|

(¢)

Figure 22: Dlustration of the class hierarchies that result from applying the simplification rules of Section 9.4 to

the specialized class hierarchy of Figure 19 (continuation of Figure 21).
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class AInt {
public:
virtual int £Q);

int x;
}s
class BInt : public virtual AInt {
public:
virtual int £();
int y;
}s
class AImpl : public virtual Alnt {
public:
virtual int f(){ return x + gO); }s
virtual int g(){ return v; };
int v;
}s
class BImpl : public BInt, public AImpl {
public:
virtual int f(){ retwrn x + y + w + gO; }s
int w;
}

void main(){
Almpl a;
a.x = 10; a.v = 20;
AInt *ap = &a;
int p = ap->f();
BImpl b;
b.x = 30; b.y = 40; b.v = 50; b.w = 60;
BInt *bp = &b;
int q = bp—>f();

}

Figure 23: Example of a C++ class hierarchy that exhibits virtual inheritance.
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classVars
classPtrVars

1t
~—

H

o’
—

dataMembers
non VirtualMethods

virtualMethods
pointsTo

{x,y, v, v}

6 / * the empty set * [

{f, g}

{ (ap,a), (bp,b),

(AImpl::f,a),

(AImpl::g,a),

(AImpl::g, b),

(BImpl::f,b) }

(*ap, a), (*bp, b),

(*AImpl::f,a),

(*AInmpl::g,a),

(*BImpl::f,b),

(*AImpl::g,b) }

(x,a), (x,b), (x,*AImpl::f), (x, *BImpl::f),
(y,b), (y,*BImpl:f),

(vi a)1 (V?b)‘! (V, *AImpl::g),

(w,b), (w,*BImpl::f),

(f, *ap), (f, *bp), (f,2), (f,b),

/g, *AImpl::f), (g, *BImpl:f), (g, a), (g,b) }

Wt i

]
e,

assignments

11
v .

memberAccess

Figure 24: Basic program information gathered for the program of Figure 23.
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assign T = { ({ var(*ap) }, [AImpl,AInt], { var(a) }),
({ var(*bp) }, [BImpl,BInt], { var(b) }),
({ def(+ATnp1::f) }, [AInpLAInpl], { var(a) }).
({ def(*AImpl::g) }, [AImpl,AImpl], { var(a) }),
({ def{*BImpl::f} }, [BImpl,BImpl], { var(b) }),
({ def(*AImpl::g) }, [BImpl,BImpl-AImpl], { var(b) }) }

"

"--—-""--—-"'-—-""h-..-fH S
gt g g o g Ayl

memberdccessTC

[
e

({ decl(AInt::
{{ decl(AInt::
({ decl(AInt::
({ decl(AInt::
({ decl(BInt::

(

(

(

(

( y
{ decl(BInt::y

(

(

(

(W

(v

, [AImpl,AInt], { var(a) }),

, [BImpl,AInt], { var(b) }),

, [AImpl,AInt], { def(*AImpl::f) }),

, [BImpl,AInt], { def(*BImpl::f) }),

, [BImpl,BImpl-BInt], { var(b) }),
 [BImpl,BImpl-BInt], { def{*BImpl: £) }),

”

e

{ decl{AImpl::v) } (AImpl,AImpl], { Var(a) H,

{ decl(AImpl::v) }, [BImpl,BImpl-AImpl], { var(b) }),
{ decl(AImpl::v) }, [AImpl,AImpl], { def(*AImpl::g) }},
{ decl(w) }, [BImpl,BImpl], { var(b) }),

(

(

(

E

({ decl(w) }, [BImpl,BImpl], { def(*BImpl::f) }},
({ decl(AInt::f) }, [AInt,AInt], { var(*ap) }),
({ decl(BInt::f) }, [BInt,BInt], { var(*bp) }),
(
(
(
(
(
(

{ def(AImpl::f) }, [AImpl,AImpl}, { var(a) }),

{ def(BImpl::f) }, [BImpl,BImpl], { var(b) }),

{ decl(AImpl::g) }, [AImpl,AImpl], { def(*AImpl::f) }),

{ decl(AImpl::g) }, [BImpl,BImpl-AImpl], { def{*BImpl::f) }),
{ def(AImpl::g) }, [AImpl,AImpl], { var(a) }),

{ def(AImpl::g) }, [BImpl,BImpl-AImpl], { var(b) }) }

dominanceT(C = { ({decl(AInt:f) }, [AImpl,AInt], { decl(AImpl::f) })
{ decl(AInt::f) }, [AImpl,AInt], { def(AImpl::f) })
{ decl(AInt::f) }, [BInt,AInt), { decl(BInt::f) })
{ decl(AInt::f) }, [BImpl,AInt, { decl(BImpl::f) })
{ decl(AInt::f) }, [BImpl,AInt], { def(BImpl::f) })
{ decl(AImpl::f) }, [AImpl,AImpl], { deflAImpl::f) })
}, [BImpl,BImpl-AImpl], { decl(BImpl::f) })
{ decI:AImpl::f] }» [BImpl,BImpl-AImpl], { def(BImpl::f) })

{ deflAImpl::f) }, [BImpl,BImpl-AImpl], { dec/(BImpl::f) })
{ def(AImpl::f) }, [BImpl,BImpl-AImpl], { def(BImpl::f) })
{ decl(BInt::f) }, [BImpl,BImpl-BInt], { decl(BImpl::f) })
{ decl(BInt::f) }, [BImpl,BImpl-BInt], { def(BImpl::f) }}

{ decl(BImpl::f) }, (BImpl,BImpl), { def(BImpl::f) }) }

(
(
(
(
(
(
({ decl(AImpl::f
(
(
(
(
(
(

Figure 25: Type constraints computed for the program of Figure 23 using the information of Figure 24
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\
11 N \
'4 : { : ~ 1
! Ir " T{ dec{AInt:f) } . : : | T-{ decBIlnt::f) } ) 1‘ t | ‘,,
fl .‘dr | l' f () ; J . : t f() ; | ' tq. ‘t 1 b
T{ deftatapre)} .- 0 LY var(sap) } T var(<bp) ) s
E P‘ i ! y ~ [ / [
AImpl:f(); | ! BImpl::f();

\ o )

Figure 26: Specialized class hierarchy generated from the type constraints of ¥igure 25.
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|AImp1:g();

\'4

T{ var{a}, ¥ar(*ap), Almpl::f), decl(AInt::f) }

BImpl::f();

AImpl:f(); V,W,y

Figure 27: Class hierarchy obtained by applying the simplification rules of Figure 20 to the speciahzed class
hierarchy of Figure 26.
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void main(){
T{ var{a), var(*ap), def(AImpl::T), decl{Alnt::f) } a;
a.x = 10; a.v = 20;
T{ var(a), var(+ap), deflAIxpl::f), decl(Alnt::f) } *ap = &a;
int p = ap->fQ);
T{ var{b), def{BImpl::f), decl(Blmpl::w), declBInt::y), var(*bp), decl(BInt::f} } b;
b.x = 30; b.y = 40; b.v = 50: b.w = 60;

T{ var(b), def{BImpli:f), dec BImpl::w), decl(BIntizy), var(*bp), decl(BInt::f) }
int q = bp->£Q);

*bp = &b;

}

Figure 28: Updated main program for the example of Figure 23, for use with the class hierarchy of Figure 27.
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RULE-BASED ENGINE FOR
TRANSFORMATION OF CLASS
HIERARCHY OF AN OBJECT-ORIENTED
PROGRAM

The present application 1s related to co-pending U.S.
patent application Ser. No. 08/794,986, entitled “Method
and Apparatus for Slicing Class Hierarchies™, filed Feb. 5,
1997 by Cho1 et al., and U.S. patent application Ser. No
08/942,520, entitled “Class Hierarchy Specialization”, filed
Oct. 2, 1997 by Tip. et al., both commonly assigned to the
assignee of the present mmvention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to object-oriented
programming (OOP), and in particular to OOP systems
supporting the C++ programming language.

2. Background Description

The C++ programming language provides a number of
features such as classes, class members, mnheritance, mul-
tiple inheritance, and virtual inheritance. These object-
oriented features have several advantages. Most importantly,
they enable the creation of class libraries that can be reused
in many different applications. However, such code reuse
comes at a price. In order to facilitate reusability, OO
programming encourages the design of classes that incor-
porate a high degree of functionality. Programs that use a
class library typically exercise only a part of the library’s
functionality. Such a program may pay a performance pen-
alty for library functionality that 1t does not use. This
performance penalty may be due to the following reasons.

A library may contain dead executable code. Dead execut-
able code 1s code that 1s not executed during any execution
of the program, or code whose execution cannot affect the
program’s observable behavior. Dead executable code 1n an
application adversely affects execution speed (both directly,
through execution of redundant code, and indirectly through
cache/page effects) and is hence undesirable. Dead execut-
able code may take the form of unused library procedures.
Prior art has addressed the problem of eliminating unused
functions; an example of such prior art 1s, €.g., A. Srivastava,
“Unused procedures in object-oriented programming”,
ACM Letters on Programming Languages and Systems,
1(4), pp. 355-364. Other prior art has focused on eliminating
dead code at the statement level; see e.g., A. Aho, R. Sethi,
and J. D. Ullman, “Compilers, Principles, Techniques, and
Tools”, Addison-Wesley, 1986, and F. Tip, “A Survey of
Program Slicing Techniques™, Journal of Programming Ian-
guages 3,3, (1995), pp. 121-189.

Objects may contain unnecessary data members and sub-
objects. Unused members and subobjects within objects
have the effect of increasing the space requirements of an
application. This may also result in decreased execution
speed because creation/destruction of objects may require
more time than i1s necessary (due to the construction/
destruction of redundant components in objects), as well as
through cache/page effects. Prior art has addressed the
climination of data members and subobjects that are not
accessed during any execution of an application; see Tip et
al., “Slicing Class Hierarchies in C++”, Proceedings of the
Eleventh Annual Conference on Object-Oriented
Programming, Languages, and Applications (OOPSLA’96),
(San Jose, Calif., October 1996), ACM SIGPLAN Notices
31(10), pp. 179-197. However, the prior art does not address
situations where a given member is (un)used by some, but
not all, istances of a given class.
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2

Class hierarchies may unnecessarily exhibit virtual imher-
itance. Class hierarchies that represent extendable frame-
works may exhibit virtual inheritance. The use of virtual
inheritance 1n a program’s class hierarchy increases the time
require to access class members, and may increase the size
of objects.

Such prior art methods that eliminate virtual mnheritance
are only capable of eliminating classes, eliminating 1nher-
itance relations, and replacing virtual inheritance relations
with non-virtual inheritance relations, and are only appli-
cable under certain limited situations.

SUMMARY OF THE INVENTION

The problems presented above and the related problems
of the prior art are solved by the present invention, rule
based engine for class hierarchy transtormation. The present
invention 1s concerned with transforming class hierarchies.
This 1s accomplished by an analysis of the program and its
class hierarchy, followed by the construction of a new class
hierarchy. The new class hierarchy is constructed by trans-
forming the class hierarchy based upon a set of transforma-
tion rules which perform one of the following operations:

1) merging of two classes;
i1) removing a virtual inheritance relation; and

ii1) replacing a virtual inheritance relation with a non-
virtual inheritance relation.
The new class hierarchy 1s used to transform the program.
The class hierarchy transformation 1s preferably generated
on either a specialized class hierarchy or a class hierarchy
obtained by class hierarchy slicing.

These operations preserve the original behavior of the
program, and have the effect of “optimizing away” unneeded
class members from objects. The invention 1s also capable of
replacing class hierarchies that exhibit virtual inheritance
with class hierarchies that only exhibit nonvirtual
inheritance, and 1s applicable across a broad spectrum of
inheritance structures. Transformation of virtual into non-
virtual mmheritance improves program performance because
it reduces the time required to access members that are
located 1n virtual base classes. In addition, 1t may reduce the
space required to represent objects.

The invention 1s preferably used subsequent to the
removal of dead or redundant executable code (i.e., program
slicing). In the alternative, the invention may be used in
program understanding tools, and in design tools that assist
programmers 1n improving the design of class hierarchies.

BRIEF DESCRIPITION OF THE DRAWINGS

FIG. 1 1illustrates an example of a computer processing
system on which the present invention may be implemented

FIG. 2 1s a functional block diagram of a compilation
routine on which the present invention may be implemented.

FIG. 3 shows an example C++ class hierarchy.

FIG. 4 1s a pictorial illustration depicting the structure of
an object D for the class hierarchy of FIG. 3.

FIG. 5 1s a subobject graph for the type D of FIG. 4.

FIG. 6 shows a pseudo-code for the static lookup and
typecast operations.

FIG. 7 shows a high-level overview of the class hierarchy
specialization method.

FIGS. 8 and 9 show pseudo-code for Step 701 of the
algorithm of FIG. 7.

FIG. 10 shows pseudo-code for the sub-step of Step 701
in which classes of equivalent variables are determined.
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FIG. 11 shows an example program and class hierarchy,
and the information gathered by procedure DetermineBa-

siclnfo of FIG. 8.

FIG. 12 shows for an example class hierarchy and pro-
oram the equivalence classes computed by procedure Deter-
minecEquivalenceClasses of FIG. 10.

FIG. 13 shows pseudo-code for Step 703 of FIG. 7.

FIG. 14 shows type constraints computed for the program
of FIG. 11(a) by procedure ComputeTypeConstraints of
FIG. 13.

FIG. 15 shows pseudo-code for Step 705(a): Construction
of the Specialized Subobject Graph.

FIG. 16 shows the specialized subobject graph for the
example program of FIG. 11.

FIG. 17 shows pseudo-code for Step 705(b): Construction
of the Specialized Class Hierarchy.

FIG. 18 shows pseudo-code for Step 705(c): Updating the

declarations 1n the program to reflect the new, specialized
class hierarchy.

FIG. 19 shows the Specialized Class Hierarchy resulting
from Step 705(b) and updated program resulting from Step
705(c) for the example program of FIG. 11.

FIG. 20 shows transformation rules for the simplification
of class hierarchies.

FIGS. 21 and 22 show an illustration of the class hierar-
chies that result from applying the simplification rules of
Section 5.4 to the specialized class hierarchy of FIG. 19.

FIG. 23 1s an examplary program that exhibits virtual
inheritance.

FIG. 24 1illustrates basic information gathered for the
examplary program of FIG. 23.

FIG. 25 1illustrates type constraints computed for the
program ol FIG. 23.

FIG. 26 1llustrates a specialized class hierarchy generated
for the program of FIG. 23

FIG. 27 illustrates the result of applying the simplification
rules to the specialized class hierarchy of FIG. 26.

FIG. 28 1llustrates the exemplary program of FIG. 26 after
updating the variable declarations.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, there 1s shown a representative computer processing
apparatus on which the subject invention may be 1mple-
mented. The computer processing apparatus 100 includes
one or more central processing units (CPUs) 116 to which
are attached a random access memory (RAM) 14, 114, an
input/output (I/O) adapter 118 Typically, the I/O adapter 118
interfaces to terminal 126, data storage 130, printer 134, a
keyboard (not shown) a mouse (not shown) and/or other user
interface devices such as a touch screen device (not shown).
Such a touch screen device would optionally be installed on
the terminal 126, here represented as a cathode ray tube
(CRT) display but which may be a liquid crystal display
(LCD) or other suitable display device.

The computer system’s operating system 108 (and other
utilities), application program code 102 and data are stored
in persistent memory and temporarily loaded into RAM 114
for execution by the CPU 116. The persistent memory 1s
typically provided by a do to storage 120 coupled to the CPU
via an I/O adapter 118. In addition, persistent memory may
be provided by resources coupled to the CPU 116 via 9
network adapter (not shown). In this case, portions of the
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computer system’s operating system (or other utilities), and
portions of the application program code and data may be
retrieved from network resources and loaded into RAM 114

for execution by the CPU 116.

In order to better understand the mvention, some back-
cround material 1s presented regarding the notion of class
hierarchies and subobjects in object-oriented programming
languages such as C++.

A class hierarchy specifies the following;:
A set of classes,

For every class, a set of members which may either be
data members or member functions; further, a member
function may be either a virtual or non-virtual function,

The inheritance relations among the classes; 1n particular,
for every class, the set of base classes it inherits from
1s speciflied. The inheritance may be further qualified as
virtual or non-virtual inheritance.

As an example, FIG. 3 shows a C++ class hierarchy that

consists of the classes S, A, B, C, and D having the following
members:

class S has (data) member y, virtual member (function)
foo, and non-virtual member (function) bar,

class A has (data) member x.

Class B has virtual member (function) foo and has virtual
member (function) bar,

class C has non-virtual member (function) bar, and

class D has no members of 1ts own.
Classes S,A,B,C, and D have the following inheritance
relations:

class B inherits nonvirtually from class A,

class B inherits virtually from class S,

class C inherits nonvirtually from class A, and inherits
virtually from class S,

class D inherits nonvirtually from class B, and inherits
nonvirtually from class C.

Classes are essentially descriptions of objects or class
instances that may be created during program execution. Let
us say a class X inherits from a class Y. The essential
meaning of this inheritance relation 1s that every instance
(object) of class X will contain an instance (object) of class
Y. Consider the class hierarchy of FIG. 3, which consist of
5 classes, A, B, C, D, and S. Class B inherits from both
classes A and S. Consequently, every B object will contain
an A subobject as well as an S subobject. Similarly, C also
inherits from A and S. Hence, every C object will also
contain an A subobject as well as an S subobject.

There are some differences between virtual and non-
virtual 1inheritance, which 1s 1llustrated by the structure of a
D object, as shown 1in FIG. 4. Consider class D. Since D
inherits from B and C, every D object contains a B object as
a subobject and a C object as a subobject. Of course, the B
subobject contained within a D object will itself, 1n turn,
contain an A subobject and an S subobject. Similarly, the C
subobject contained 1n a D object will itself, in turn, contains
an A subobject and an S subobject. However, since B and C
inherit virtually from S. both the B subobject contained
within a D object and C subobject contained within the same
D object will share a single, unique S subobject. In contrast,
since B and C inherit non-virtually from A, each of the B and
C subobjects contained within a D object contain their own
A subobject. FIG. 4 depicts the structure of an object of type
D. Observe that, due to a combination of virtual and non-
virtual 1nheritance, and object of type D contains a single
subobject of type S, but two distinct subobjects of type A,
cach of which has a distinct data member x.
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For the sake of clarity, the following naming scheme will
be used to refer to the various subobjects. In general, each
subobject can be given aname [Z, XX, ,-... X, X, | where
X; 1s Z or a (direct or indirect) virtual base of Z, and X,_-.
.. -X, 1s the sequence of class names where X 1s a direct
non-virtual base ot X, ;. Thus, the sequence denotes the X,
subobject contained within the X, subobject contained
within X, subobject, and so on, contained within the X, _,
subobject contained within the unique X, subobject con-
tained with a Z object. The most derived class of such a
subobject 1s Z, and the least dertved class of such a subobject
1s X.. For example, the A subobject contained within the B
subobject contained within a D object 1s referred to as the
|D, D-B-A] subobject. Likewise, [D, D-C-A] denotes the A
subobject contained within the C subobject within a D
object. As explained above, there 1s a unique S subobject
within a D object since both B and C inherit virtually from
S. This unique subobject is referred to as [D,S]. A more
detailed description of the naming scheme may be found in
J. Rossie and D. Friedman, “An algebraic semantics of
subobjects”, Proceedings of the Tenth Annual Conference on

Object-Oriented Programming systems, Languages, and
Applications (OOPSLA’95), Austin, Tex., 1995, pp.

187-199.

One defines the concept of 1mmediately contained sub-
object as follows. For the example of FIG. 5, [D,D-B] and
|D,D-C] are immediately contained subobjects of [D,D];
while [D,D-B-A}], [ D,D-C-A], and [ D,S] are not immediately
contained subobjects of [D,D], yet, they are indirectly con-
tained subobjects of [D,D].

The layout of objects can be depicted conveniently using
a graph-based representation called the subobject graph. The
subobject graph consists of a node for every subobject.
Edges 1n the graph denote “immediate containment”. In
particular, the graph mncludes an edge from a subobject n' to
another subobject n 1f n' 1s an immediately contained subject
of n. FIG. 5 shows the subobject graph for type D. That 1s,
it shows only the part of the graph consisting of all subob-
jects of most-derived class D.

The class hierarchy specialization technique of the present
invention presented below requires member lookup and
typecast information. This information can be obtained from
the subobject graph, as has been reported previously in J.
Rossie and D. Friedman, “An algebraic semantics of
subobjects”, Proceedings of the Tenth annual Conference on

Object-Oriented Programming Systems, Languages, and
Applications (OOPSLA’95), Austin, Tex., 1995, pp.

187-199, F. Tip, J.-D. Choi, J. Field, and G. Ramalingam,
“Slicing Class Hierarchies in C++”, Proceedings of the
Eleventh Annual Conference on Object-Oriented Program-
ming Systems, Languages, and Applications (OOPSLA’96),
San Jose, Calif., 1996, pp. 179-197. An alternative method
for obtamning lookup and typecast information that may be
used 1s described 1n G. Ramalingam and H. Srinivasan, “A
member lookup algorithm for C++”, Proceedings of the
ACM SIGPLAN’97 Conterence on Programming Language
Design and Implementation (PLDI’97), Las Vegas, Nev.,
1997, pp. 18-30.

A subobject contains a member m 1f the least derived class
of that subobject has a member m. Let n' be a subobject
contained within another subobject n. Further, let n' contain
a member m. The member m of n' 1s visible 1n n if there
exi1sts a sequence of subobjects n, to n, such that n'=n, , each
n. 1s immediately contained in n, ,, and n,=n, and none of
the n; other than n, contains a member m. Otherwise, the
member m of n' 1s said to be hidden in n. The set visible-
occs(G,n,m) 1s defined to be the set of all subobjects
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contained 1n n that have a member m that 1s visible 1n n, for
a given subobject graph G. Pseudo-code for function visible-
occs 1s shown 1n FIG. 6 (lines [1]H 13]).

A static member lookup can easily be expressed 1n terms

of function visible-occs. Function static-lookup that 1s
shown 1in lines [14H19] of FIG. 6 first determines a set S
of all subobjects containing a visible occurrence of member

m, using function visible-occs. Then, the unique subobject n'
in S 1s selected which contains all other subobjects in S. For
non-ambiguous member lookups, there 1s always exactly
one such n'. Typecasts can be modeled using the subobject
oraph as well. Function typecast, which 1s shown 1n lines
|20 24] of FIG. 6 expresses the effect of a typecast from
a subobject n to a class C, given a subobject graph G. This
function selects the unique subobject n' contained 1 sub-
object n whose least derived class 1s C. For non-ambiguous
typecasts, there 1s always exactly one such n'.

In addition, the class hierarchy specialization technique of
the present mvention presented below requires a composi-
fion operator on subobjects. A method for computing the

composition of two subobjects n, and n, 1s shown 1n lines
25 33] of FIG. 6. As an example, for the class hierarchy

of FIG. 3 we have that:
compose(| D,D-B],| B,B-A])=[D,D-B-A]

Informally, composing the B-subobject of a D-object with

the A-subobject of a B-object yields the A-subobject of a

D-object.

According to the present invention, a class specialization
technique 1s provided that eliminates redundant components
from objects. More specifically, the technique detects situ-
ations where a member of a given class 1s used by some, but
not all instances of that class, and eliminates this member
from the instances where 1t 1s not needed. This 1s accom-
plished by an analysis of the program and 1ts class hierarchy,
followed by the construction of a new, specialized class
hierarchy and a transformation of the program. These opera-
tions preserve the original behavior of the program, and have
the effect of “optimizing away” unneeded class members
from objects.

FIG. 7 1illustrates the operation of the class hierarchy
specialization technique of the present invention. In step
701, basic information about the program and the class
hierarchy 1s collected. A more detailed description of step
701 1s described below with respect to FIGS. 8—12. In step
703, a set of type constraints 1s constructed that capture the
required subtype-relationships between the types of objects,
and the visibility relations between members and objects
that must be retained 1n order to preserve program behavior.
A more detailed description of step 703 1s described below
with respect to FIG. 13. In step 705, the type constraints
computed 1n step 703 are used to construct a new class
hierarchy, and the variable declarations 1n the program are
changed to take into account this new hierarchy. Step 705
preferably consists of three sub-steps:

(a) A subobject graph for the new class hierarchy is
constructed using the type constraints that were com-

puted 1n Step 703;

(b) The new class hierarchy is constructed, using the
subobject graph constructed in Step 705(a); and

(c¢) The declarations in the program may be updated to
reflect the new hierarchy that was constructed 1n Step
705(b); in the alternative, the object model of the
program generated by a compiler may be updated to
reflect the new hierarchy that was constructed 1n Step
705(b); in this case, the program itself may remain
unaltered, but the run-time representation of the pro-
oram would be updated to reflect the new class hier-
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archy. A more detailed description of the sub-steps of
step 705 1s described below with respect to FIGS.
15-19. Finally, 1n step 707, a set of transformation rules
1s applied 1n order to simplify the structure of the class
hierarchy that was computed 1n Step 703. In addition,
the wvariable declarations 1n the program may be
updated to take into account these transformations
and/or the object model of the program generated by a
compiler may be updated to take into account these
transformations. A more detailed description of step
707 1s described below with respect to FIGS. 20-22.
Information Gathering—Step 701
FIGS. 8 and 9 illustrate pseudo-code for the operations of
step 701 1n which information 1s gathered about the program
and 1its class hierarchy, This information includes the fol-
lowing;:

The variables 1n the program whose type 1s a class, and the
variables 1n the program whose type 1s a pointer to a
class are determined. This information 1s stored 1in
variables classVars and classPtrVars, respectively (see
procedure Determine Variables, lines [9]{20] in FIG.
8).

For each variable whose type 1s a pointer to a class, an
approximation of the set of class-typed variables that it
may point to 1s determined. This information 1s stored
in a set pointsTo, which contains elements of the form
(p,v) indicating that pointer p may point to variable v
(see procedure DeterminePointsTolnfo, lines [21 - 31]
in FIG. 8). Any of several existing algorithms may be
used to obtain this information. Descriptions of suitable
algorithms for points-to/alias analysis can be found in:
B. Steensgaard, “Points-to Analysis in Almost Linear
Time”, Proceedings of the Twenty-Third ACM Sym-
posium on Principles of Programming Languages
(POPL’96), St Petersburg, Fla., January 1996, pp.
32-41, H. D. Pande and B. G. Ryder, “Static Type
Determination and Aliasing for C++7, and H.

Srinivasan, “Flow-Sensitive Type Analysis for C++7,
Technical Report RC 20267, IBM T. J. Watson

Research Center, 1995.

The (unqualified names of the) data members, nonvirtual
methods, and virtual methods 1n the program are deter-
mined. This information 1s stored 1n sets dataMembers,
non VirtualMethods, and virtualMethods, respectively

(see procedure DetermineMembers, lines [32]-{46] in
FIG. 8).

The set of assignments 1n the program between variables
whose type 1s a class, or a pointer to a class 1s
determined. This information 1s stored 1n a set assign-
ments that contains elements of the form (v,w), indi-
cating that w 1s assigned to v. For assignments that
involve pointers such as p=&w (p 1s assigned the
address of variable w), the dereferenced object *p
occurs in the element: (*p,w) (see procedure

Determine Assignments, lines [1]19] in FIG. 9).

The set of member-access operations 1n the program. This
information 1s captured in a set memberAccess con-
taining elements of the form (m,v) indicating that
member m 1S accessed from variable v. Note that 1n
cases where m 1s a virtual method and v 1s a pointer that
may point to some variable x (determined using the
pointsTo information), an additional element (m,x)

occurs in memberAccess (see procedure Determine-
MemberAccess Operations, lines [20]H34] in FIG. 9).

A partitioning of the variables in classVars and classPtr-
Vars 1nto equivalence classes. Two variables occur 1n
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the same equivalence class if they must have exactly
the same type. The purpose of these partitioning is to
ensure that the constructed specialized class hierarchy
contains 1nheritance structures that can be represented
in C++. This step 1s only required 1if source code 1s to
be generated. Alternatively, the object model of the
compiler can be modified to allow for more general
inheritance structures, for example, cyclic inheritance
structures.
Parameter-passing 1n functions and class methods can be
treated as a set of assignments between corresponding actual
parameters and formal parameters. Return values of func-
tions and methods can be treated as additional parameters,
and hence be treated as assignments as well. In the remain-
der of this document, 1t will be assumed that the set
assignments that 1s computed by procedure DetermineAs-
signments (lines [1]H19] in FIG. 9) contains elements for
parameter-passing as well as assignments. Parameter-
passing 1n virtual method calls 1s handled by treating a
virtual method call p 6 f(y4, . . ., y,,) as a set of direct method
calls x.f(y,, . . . y,) for each object x that p may point to (i.e.,
for each pair <p,x> that occurs in pointsTo).

For each method mm a C++ program, there exists an
implicitly declared pointer variable named this, which points
to the object on which the method is invoked. The type of
this variable 1s a pointer to the class containing the method.
For example, the this pointer of method A::f in the program
of FIG. 11(a) has type *A. For convenience, we will
hencetorth refer to the this pointer of a method C::f by the
name of 1ts method, C::f Thus, for the example of FIG.
11(a), A::f will be used to denote the this pointer of method
A::1, and B::g will denote the this pointer of method B::g.

As an example, the basic information gathered for the
program shown in FIG. 11(a) will be discussed.

Procedure Determine Variables will iteratively examine all
variables 1n the program. Variables a, b, and ¢ will be added
to the classVars because their type is class (specifically, the
type of a 1s class A, the type of b 1s class B, and the type of
c is class C). Variable ap will be added to classPtrVars
because 1ts type 1s a pointer to class A. In addition, the this
pointer variables A::f, A::g, B::g, and C::f will be added to
classPtrVars because their type 1s a pomter to a class.

Procedure DeterminePointsTolnfo relies on an algorithm
that performs points-to analysis. For the purpose of this
example, we will assume that the following algorithm 1is
used: for each pointer p of type *X, assume that it may point
to any object of type Y, such that (1) Y=X or Y is a class
transitively derived from X, and (i1) if p is the this pointer
of a virtual method C::m, no definitions of m that override
C::m exist in class Y. Using this simple algorithm, it can be
determined that pointer ap can point to any of the objects a,
b, and c; hence, elements (ap,a), (ap,a), and (ap,c) are
included 1n pointsTo. It can also be determined that the this
pointer C::I can point to object ¢, but not to objects a or b.
Theretore, <C::f,c> occurs 1n pomtsTo, but not <C::f,a> or
<C::f,b>.

Procedure DetermineMembers 1teratively examines each
member 1n the program and, depending on the kind of
member (data members, nonvirtual method, virtual method),
adds 1t to dataMembers, nonVirtualMethods, virtual-
Methods. For example, data member x 1s added to
dataMembers, and virtual method f 1s added to wvirtual-
Methods. The example contains no nonvirtual methods, so
non VirtualMethods will be empty.

Procedure Determine Assignments 1iteratively examines
cach assignment 1n the program, and if the assignment
involves wvariables in classVars and/or classPtrVars, an
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abstract representation of the assignment under consider-
ation 1s stored 1n assignments. For example, the assignment
ap=&b gives rise to the incorporation of the element <*ap,
b> 1n assignments. In addition, the call to method A::1f from
variable ap gives rise to the assignments A::I=&a, A::I=& b,
and C::I=& c, to model the parameter-passing in this call.
Consequently, elements <*A::f,a,>, <*A::L,b>, and <*C:,
C> appear 1n assignments.

Procedure DetermineMemberAccessOperations collects
all member access operations that occur in the program, and
stores an abstract representation of these operations in
memberAccess. For example, the access to data member z
from C::f (i.e., the this pointer of method C::f) gives rise to
the mclusion of element <z,*C::f> in memberAccess. Also,
the access to virtual method f from ap gives rise to an
clement <f,*ap>. In addition, since { 1s virtual and ap may
point to a, b, or ¢, elements <f,a>, <f,b>, and <i,c>, occur in
memberAccess.

A summary of the basic information gathered for the
example program of FIG. 11(a) is shown in FIG. 11 (b).

In order to obtain specialized class hierarchies consisting
of valid C++ code, 1t 1s necessary to determine which
variables must have exactly the same type 1n the specialized
class hierarchy. In the absence of such information, the
ogenerated hierarchy might be mvalid, e.g., because it con-
tains cycles. Procedure DetermineEquivalenceClasses,
which is shown 1n FIG. 10 (lines [1]{21]), shows pseudo-
code for partitioning the variables i1n classvars and classP-
trVars into equivalence classes. On line [3], the subobject
ograph G for program P is determined. On lines [4]- 6], the
partitioning 1s initialized by creating a distinct equivalence
it class |x| for each variable x. Then, on lines [ 7] 10], the
equivalence classes of two variables v and w are merged 1f
one 1s (indirectly) assigned to the other and vice versa.

On lines [ 1 |H 13], the equivalence classes of two variables
v and w are merged 1f there exist elements <x,v> and <x,w>
in assignments for some variable x whose type 1s a replicated
class. The set of replicated classes 1s determined by auxiliary
procedure ReplicatedClasses, which is shown on lines [ 22 |-
|31]. Intuitively, a class X is replicated if there exists some
subobject n that contains two distinct subobjects with least
derived class X.

Returning to the description of procedure
DetermineEquivalenceClasses, on lines [14]{16], the
equivalence classes of two variables v and w are merged 1t
v and w access a data member m that occurs 1n a replicated
class, or if v and w access a virtual method m that occurs in
a replicated class, and v and w are both variables 1n
classvars. On lines [17]H 19], the equivalence classes of two
variables v and w are merged 1f v and w access a non-virtual
method m that occurs 1n a replicated class, or if v and w
access a virtual method m that occurs 1n a replicated class
and v and w are both variables 1n classVars.

The purpose of partitioning the variables 1s to ensure that
valid C++ source code can be generated. If obtaining source
code for the specialized class hierarchy 1s not required, an
alternative approach to the step of partitioning variables into
equivalence classes would be to modify the C++ compiler so
that 1t can handle a wider range of inheritance structures,
including cyclic mnheritance relations.

Consider the class hierarchy and of FIG. 12(a). Initially,
cach variable occurs 1n an equivalence class by itself. The
equivalence classes of variables apl and ap2 are merged
because data member x, which 1s accessed from both of
these variables, occurs 1n class A, which 1s a replicated class.
The equivalence classes of variables cpl and cp2 are merged
because cpl 1s assigned to cp2, and vice versa. The resulting,
partitioning is shown if FIG. 12(b).
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Computing Type Constraints—Step 703

A set of type constraints 1s computed 1n step 703. These
constraints capture the subtype-relationships between vari-
ables and members that must be retained by the specialized
class hierarchy, which 1s discussed below, in order to pre-

serve the program’s behavior. Preferably, such type con-
straints are represented by 3-tuples of the form <S,n,T>

where S and T are sets with elements of the form:

var(v), for some variable v in classVars. This indicates the
type of variable v.

var(*p), for some variable p in classPirVars. This indi-
cates the type of expression *p.

decl(A::f), for some member A::f. This indicates the class
in which the declaration of member A::f occurs.

def(A::f), for some member A::f. This indicates the class
in which the definition of member A::f occurs.
Intuitively, a type constraint <S,n, T> expresses the fact that
cach element 1n set S has the same type as the n-subobject
of each element in set T.

Type constraints are derived from assignments, member
access operations, and hiding/dominance relations between
members in the program. FIG. 13 (lines [1]-{7]) illustrates
pseudo-code for a procedure ComputeTypeConstraints that
computes the required set of type constraints by computing
the original subobject graph G of program P (line [3]), and
calling 3 auxiliary procedures
ComputeAssignmentTypeConstraints,
ComputeMemberAccessTypeConstraints, and Comput-
eDominanceTypeConstraints.

Procedure ComputeAssignmentTypeConstraints (lines
[16 H27]) computes the set of type constraints assignTC
that are due to assignments in the program. On line [ 18],
assignTC 1s mitialized with the empty set. Then, on lines
[19]26] the procedure iteratively selects each assignment
<x,y> 1n the previously computed set assignments, and
performs the following actions:

on line [ 20] the type of left-hand side x in the program is
assigned to X,

on line [21] the type of right-hand side y in the program
1s assigned to Y,

on line [22], a type-cast from subobject [Y,Y] to type X
1s executed, resulting 1n a subobject n,

on line [23], a set S, consisting of all elements Elem(x') 1s
determined, where x' 1s an element of the equivalence
class |x|,

on line [ 24], a set T. consisting of all elements Elem(y') is
determined, where y' 1s an element of the equivalence
class |yl,

on line [25], an element <S,n, T> 1s added to assignTC.
The Elem auxiliary function that is used here 1s defined
on lines [8 H 15] of FIG. 13. Elem takes one argument,
which 1s a variable x, and returns:
def(x) if x is the this pointer *X::f of a method X::f, and
var(x), otherwise.

Procedure ComputeMemberAccessTypeConstraints
(lines [ 28]-{43]) computes the set of type constraints due to
member access operations in the program. On line [30],
memberAccessTC 1s initialized with the empty set. Then, on
lines [31]{42] the procedure iteratively selects each mem-
ber access operation <m,y> 1n the previously computed set
memberAccess, and performs the following actions:

on line [32], the type of receiver expression y is assigned
to Y,

on line [33], a static lookup for member m from subobject
[Y,Y] is executed, resulting in a subobject n,
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on line [34], the least derived class of this subobject n is
assigned to X,

on lines [35]H39], a set S is computed, whose contents
depend on y and m as follows:
if y 1s a pointer variable 1n classPtrVars, or if m 1s a data
member 1n dataMembers S consists of the singleton
set {decl(X::m)} (line [36])
otherwise, S contains all elements Elem(x'), where X'

occurs in the equivalence class |x::m| (line [38])

on line [40], a set T is computed containing all elements
Elem(y"), where y' occurs in the equivalence class |y]

on line [41], a constraint <S,n, T> is added to member-
AccessTC

Procedure ComputeDominanceTypeConstraints (lines
[44H59]) computes the set of type constraints due to
hiding/dominance relations between members with the same
name in the original class hierarchy. On line [46], dominan-
ceTC 1s imitialized with the empty set. Then, on lines
471 58] the procedure iteratively selects each pair of
subobject n', n, such that (1) n'=n, or n' is contained in n, (2)
the least derived class of n' is A, (3) the least derived class
of nis B, and (4) A and B both contain some member m, and
executes the following instructions:

line [48], a set S, , is constructed containing the
clement decl(A::m)

on

line [49], a set T, , is constructed containing the
clement decl(B::m)

on

on line [50], a set S, 1s constructed all elements Elem
(x"), where x' occurs in the equivalence class |A::m],

on line [51], a set T, is constructed all elements Elem
(y'), where y' occurs in the equwalenee class |B::m|,

on line [52], the subobject n" is determined such that
n'=compose (n,n")

on line [53], a type constraint <S;,_,, n", T, > is added to
dominanceTC,

if A=B, the following instructions are executed
on line [55], a type constraint <S , _..n", T, > 1s added
to dominanceTC,

on line [56], a type constraint <S,_.n", T, > 1s added to

dominanceTC.

Some examples that illustrate the computation of type
constraints will be presented now.

First, consider the computation of a type constraint due to
an assignment, for example, the element <*ap,b> 1n assign-
ments. On line [20] of procedure
ComputeAssignmentTypeConstraints, type A 1s assigned to
X because *ap has type A 1n the original program. Similarly,
type B is assigned to Y on line [21]. On line [22], the
subobject | B,B-A]=typecast(G, [B,B], A) is assigned to n.
On line [23], S is assigned the set {var(ap)}, since the
equivalence class for variable ap consists of {ap} and we
have that Elem(*ap)=var(*ap). On line [24], T is assigned
the set {var(b)}, since the equivalence class for variable b
consists of {b} and we have that Elem(b)=var(b). On line
[25], the type constraint <{var(*ap)}, [B,B-A], {var(b)}> is
added to assignTC.

Next consider the computation of a type constraint due to
a member access, for example, the element <f,*ap> 1n
memberAccess. On line [32] of procedure
ComputeMemberAccessTypeConstraints, type A 1s assigned
to Y because *ap has type A in the original program. On line
33], the subobject |A,A]=static-lookup(G, [AA]f ) 1s
assigned to n. On line [ 34], the least derived class A, of n is
assigned to X. Since *ap occurs 1n classPtrVars, the condi-
tion on line [35] evaluates to “true”, and consequently line
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[35] 1s executed. The execution of line [36] results in the
assignment of the set {decl(A::f)} to S, since the equivalence
class of A::f consists of {A::f}, and Elem(A::f) consists of
decl(A::f). On line [40], the set {var(ap)} is assigned to T.
On line [41], the type constraint <{decl(A::f)}, [A,A],
{var(*ap)}> in memberAccessTC.

Next, consider the computation of a dominance-related
type constraint. For example, refer to the subobjects n'=| C,
C-B-A] and n=[C,C] in the class hierarchy of FIG. 11(a).
Observe that the least derived classes of n' and n, A and C
respectively, both contain member f. Therefore, lines [48 |-
[57] of procedure ComputeDominanceTypeConstraints are
executed with A=A, B=C, and m=f. On line [48], the set
{decl(A::f)} is assigned to S, ,. On line [49], the set
{decl(C::f)} is assigned to T, _,. On line [50], the sct
{def(A::f)} is assigned to S, since the equivalence class of
A::f consists of {A::f}, and Elem(A::f)=def(A::f). On line
[51], the set {def(C:f)} is assigned to T,., since the

equivalence class of C::f consists of {C::f}, and Elem(C )=
def(C::f). On line [52], the subobject n"=| C,C-B-A] 1s deter-

mined. On line [53], the type constraint <{decl(A::f)},
[C,C-B-A], {def(C::f)}> is added to dominanceTC. Since

A=C, the condition on line [ 54 ] evaluates to “true”, and lines
[55H56] are executed. On line [55], a constraint <{decl

(A::D)}, [C,C-B-A], {decl(C::f)}> is added to dominanceTC.
On line [56], a constraint <{def(A::f)}, [C,C-B-A], {def
(C::f)}> is added to dominanceTC. FIG. 14 summarizes the
type constraints that are computed by procedure Compute-
TypeConstramts of FIG. 13 for the example program of FIG.
11(a), using the program information that was shown in FIG.
11(D).

Construction of the Specialized Class Hierarchy—Step 705

As discussed above, in sub-step (a) of step 7085, a sub-
object graph for the new class hierarchy 1s constructed using
the type constraints that were computed i Step 703. The
graph generated in Step 705(a) is referred to as a subobject
oraph, because 1t can be interpreted as such in a straight-
forward manner. Nodes 1n the constructed graph correspond
to subobjects, although the labels of the nodes are different
from the previously described subobjects. The reason for
using a nonstandard notation for subobjects here 1s that 1t
makes the description of this step of the method consider-
ably easier. Edges in the constructed graph correspond
directly to the containment relation between subobjects, and
the set of members of each subobject can be inferred directly
from the corresponding node label. The standard methods
for static lookup and type cast can be utilized on specialized
subobject graphs.

FIG. 15 1illustrates pseudo-code for generating the spe-
clalized subobject graph. The nodes of the specialized
subobject graph are of the form Tg , ., where n 1s a
subobject of the original class hierarchy, and where S and U
are sets containing elements of the form:

var(v), where v 1s a variable in classVars or in
classPtrVars, but not the this pointer of a method,

decl(C::m), where C::m is a member in the original class
hierarchy, or

deft(C::m), where C::m is a member in the original class
hierarchy.

On line [3], the sets of nodes and edges of the specialized
subobject graph are 1nitialized to be empty. Then, nodes are
added to the graph using a worklist-algorithm on lines
4] 21]. On line [4], the worklist is initialized as the empty
set of nodes. Then, on lines [5]{10] a node Ty, ¢ is added
to the worklist, where S 1s the equivalence class for a
variable v that occurs 1n the set class Vars; here, n denotes
the subobject [ V,V], where V i1s the type of variable v in the
original class hierarchy.
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Lines [11H21] consist of a loop in which the following
steps are executed as long as the worklist 1s non-empty:

a node x=T,.,, ., Is selected from the worklist (line [12],

node x is removed from the worklist (line [13],

node x 1s added to the set N of nodes of the specialized
subobject graph (line [14]),
for each type constraint <S,n, > in assignTC or
memberAccessTC, the following instructions are
executed:
a node x":=T, compose(n,,n,),;, 1s constructed (line
[16]),
if x' was not visited earlier, 1t 1s added to the worklist.
The compose operation 1s described above with respect to

lines [25] 33] of FIG. 6.

Then, in lines [22]24], edges are added to the set E of
edges 1n the specialized subobject graph. For each pair of
nodes x'=Ty,, ;», and x=T,,; ;» 1n N such that there exists a
type constraint <S,n,, 1> 1n assignTC, memberAccessTC, or
dominanceTC, an edge x'—=x is added to E (line [22]).

Finally, in lines [25]32], members are added to the
nodes N of the specialized subobject graph. For each node
x of the form T, ;,, members are added to x depending on
the elements of S:

for each element decl(A::f) in S, the declaration of method
A::f (as it occurred in the original class hierarchy) is

added to node x (lines [26]{28]).

for each element def(A::f) in S, the definition of method
A::f (as it occurred in the original class hierarchy) is
added to node x (lines [29]-{31]).

In the construction of the specialized class hierarchy, two
auxiliary functions that operate on the specialized subobject
ograph will be required. Lines [ 35] 38| of FIG. 15 introduce
a function ldc, which determines the least derived class of a
subobject 1n the specialized subobject graph. Stmilarly, lines
|39 42] introduce a function mdc, which determines the
most derived class of a subobject 1n the specialized subob-
ject graph. These functions will be used in Step 705(b).

As an example, consider how some of the nodes and
cdges are added to the specialized subobject graph with
respect to variable b of the program of FIG. 11(a). Since the
type of b 1s the class B, variable b occurs 1 classvars.
Therefore lines [6]-{9] are executed with v=b. On line [ 6],
V is assigned the type B of b. On line [7], the n 1s assigned
the subobject [B,B]. On line [8], the equivalence class {b}
associated with variable b is determined. On line [9], the
node Ty, ..o 5. Bl{varsy) 18 @added to workList.

Now suppose that during the execution of the loop on
lines [11]H21], node x=T¢, ., )1 (5. B {varwyr 18 selected
from the worklist (on line [12]. This implies that T={var(b)},
n,=[B,B], and U={var(b)}. On line [13], x is removed from
the worklist. On line [14], x is added to N. During the
execution of the for-loop on lines [15]20], the following

constraints are selected from assignTC and memberAc-
cess1C.

<{var(*ap)},[B,B-A],{var(b)}>. This implies that S {var
(*ap)} and n,=[B,B-A]. Since compose(n,,n,)=[B,
B-A|,anode x'=T,, . .1 [5. Bl {var@)) 1S COnstructed
on line [ 16]. Since this node does not yet occur in either
N or on the worklist, 1t 1s added to the worklist.

<{def(A::f)} [B,B-A],{var(b)}> This implies that S={def
(A::f)} and n,=[B, B-A]. Since compose (n,,n,)=[B,
B-A], anode xX'=T, ;. q4..91 [B.8:4] {varp)} 1S CODStructed
on line [ 16]. Since this node does not yet occur in either
N or on the worklist, 1t 1s added to the worklist.

<{def(B::g)},[B,B],{var(b)}>. In this case, S={def(B::g)}
and n,=[ B,B].
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Since compose(n,,n,)=[B,B], a node

X=T pepp::0) 1851 Cvar@)} IS cqnstmcted on line [16]. Sil}ce
this node does not yet occur in either N or on the worklist,
it 1s added to the worklist.
In subsequent iterations of the while-loop on lines [11 - 21]
cach of these nodes 1s selected, added to N. removed from
the worklist, and as a result of “processing” these nodes,
other nodes may be added to the worklist. Eventually, this
while-loop terminates because the worklist 1s empty. At that
point, N contains the full set of nodes of the specialized
subobject graph.

As an example of edges that are added to the specialized
subobject graph, consider an 1teration of the loop on lines
[22]-[24] where X'=Ty, ra..p. [(5.5-41{var»n} aDd
x=T{var(b)},[B,B],{Var(b)i. Since there exists a type con-
straint <{def(A::f)},[B,B-A],{var(b)}> in assignTC, an edge
x'—x 18 added to E on line [23].

As an example of a member being added to the special-
1zed subobject graph, consider node Ty ;4.1 [5541{var®)}-
On line [30], the definition of method A::f as it occurred in
the original class hierarchy i1s added to this node.

FIG. 16 shows the entire specialized subobject graph of
FIG. 11.

In substep (b) of step 705, a new class hierarchy, which is
denoted a specialized class hierarchy, 1s constructed using
the subobject graph constructed in step 705(a). This new
class hierarchy contains classes T, where S 1s a set con-
taining elements of the form:

var(v), where v is a class-typed variable that occurs in
classVars.

var(*p), where p is a pointer-to-class-typed variable that
occurs 1n classPtrVars.

decl(A::f), where A::f is a method in the original hierar-

chy.

def(A::f), where A::f is a method in the original hierarchy.
Intuitively, class T, represents the type of all elements 1n S
in the specialized class hierarchy. The construction of the
classes of the specialized class hierarchy, and the required
inheritance relations between them relies on the previously
constructed specialized subobject graph.

FIG. 17 shows pseudo-code for a function ConstructSpe-
clalizedHierarchy that constructs the specialized class hier-
archy. The new class hierarchy H is initially empty (line [3]).
Then, the specialized subobject graph G 1s computed on line
[4], through a call to function ConstructSpecializedSubOb-
jectGraph. Subsequently, on lines [5] 7], for each node n in
G, a class ldc(n) is added to the specialized class hierarchy
(note that the Idc function used here was defined on lines
|35 H38] of FIG. 15). In lines [8 [H 15], members are add to
the classes of the specialized hierarchy. For each class T,
declarations and definitions of members are added to that
class depending on the elements of S. For each element
decl(A:f) in S, a declaration of member A::f is added to class
T, on lines [9H 11]. Similarly, for each element def(A::Y)
in S, a definition of method A::f 1s added to class T on lines
|12 14]. In lines [16]22] the required inheritance rela-
tions are added to the specialized class hierarchy. For each
cdge x'—x 1n the specialized subobject graph G, an inher-
itance relation i1s added between class ldc(x') and class
Idc(x"). There are two cases:

A virtual inheritance relation is added on line [16]
between class lde(x'") and class ldc(x) if the auxiliary
function 1sVirtual returns “true”.

A non-virtual inheritance relation is added on line [18]
between class lde(x'") and class ldc(x) if the auxiliary
function 1sVirtual returns “false”.
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The auxiliary function isVirtual is defined on lines [25]-
[32]. Given an edge x'—Xx in the specialized subobject graph
G 1sVirtual returns true 1f there are nodes X; X, X3 X, In G
such that all of the following conditions hold:

1. the least derived class ldc(x') of x' is the same as the
least derived class 1de(x,) of x;

2. the least derived class Idc(x) of x is the same as the least
derived class lde(x,) of x;

3. there 1s an edge X,—X, 1n G,

4. there 1s an edge X,—X, 1n G for some X, other than
X2,

from x, to x, m G, and
6. there 1s a path from X, to X, in G.

Otherwise, 1sVirtual returns “false”.
An example 1s now presented that illustrates how some

parts of the specialized class hierarchy are constructed. The
specialized subobject graph that 1s shown 1 FIG. 16 con-

5. there 1s a path

tains HOdeS: T{Vﬂr(b)}?[B?B]?{VﬂF(b)}: T{Vﬂf’(*ﬂp}}?[ﬂﬁ'ﬂ]?{Vﬂlf"(b)}:

Ltdecraprissarpvareyy, 04 Tigeraspy1.5a1pareyy. FOT
these 4 nodes, the loop on lines [5]-7] of procedure

ConstructSpecializedClassHierarchy adds the following
classes to the specialized hierarchy: Tmr({bP TW( b
Tyeer (taspy, a0d Tyeea. -y Then, on lines 9]—[11j

declaration of method A::f 1s added to class T, ;14.05 and
on lines [12]-{14] a definition of method A::f is added to

class Ty.pra.0y

On lines [16]-{22], an inheritance relation 1s added to the
specialized class hierarchy for each edge 1n the specialized
subobject graph G. We will now study the effect of these
lines for the following edges that occur in G:

Toarcapyissarparey Vvar®)s.s)(are)y. Since there
are no nodes x;,X, X3, X, In G for which all of the

conditions of line [27] hold, class T ({+ap}y Made a
non-virtual base class of class T, ¢,y on line [18].
Tiderapyisparivarey ™ Tiarw) 1881 (varey. SinCE
there are no nodes X,,X,,X;,X, In G for which all of the
conditions of line [27] hold, class Ty, 4.5 1s made
a non-virtual base class of class T, 1, on line [18].

Yaeerapriss.alfvaren ™ L ivarc-apyy 8,841 {var@}. S1OCC
there are nodes X =Ty, ..ia.p[B.BAL{var@®) Xo=

{var(*ap)} [B,B-A] }var(b)}, XB:T{dE’f(Ai#?}-[B,B'A]{var(b)? aﬂq |
X,=T {Vﬂr(bi}?[ BB {var®)} for which all of the conditions of

line [27] bold, class T, .;1a..y 1s made a virtual base
class of class T, 1+, on line [18].

Ltdecaspy 18,541 (var) 7 Vdepaun. (8.8:41 var@yy- SIDCE
there are nodes Xi=I(sccia:p)impa1 (ar@), X2

{def(A::)}.1B,B-A) {var(b)}, 3=T{‘*’ﬂr(*ﬂﬁ)} [B.B-Al,{var(d)}. X =
T{var(b)} (B B].{var(t)} for which all of the conditions of

line [27] hold, class T, .;1a..,y 1s made a virtual base
class Ty p 4.,y ON line [18].

FIG. 19 shows the entire specialized class hierarchy that
1s constructed by procedure ConstructSpecializedClassHi-
erarchy of Step 705(b).

Finally, in sub-step (c) of step 705, the declarations in the
program may be updated to reflect the new class hierarchy
that was constructed in sub-step (b) of step 705. This is
accomplished by gwmg type T,,,s to cach variable v 1n
classVars, where S 1s the equwalence class containing vari-
ables v. Similarly, type *T, ¢, 1s given to each variable p 1n
classPtrVars, where S 1s the equivalence class containing
variables p. Pseudo-code for sub-step (c) of step 7085 is
shown in FIG. 18. On lines [3]{ 6] of FIG. 18, variable a
gets type T,,, 1,1, and on lines [7]{10], variable ap gets
type ’*“Tmr({ﬂp}) FIG. 19 shows the updated program pro-
duced by procedure UpdateDeclarations of Step 705(c). In
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the alternative, in sub-step (c), the object model of the
program generated by a compiler may be updated to to
reflect the new hierarchy that was constructed m Step
705(b). In this case, the program itself may remain
unaltered, but the run-time representation of the program
would be updated to reflect the new class hierarchy.
Simplification of the Specialized Class Hierarchy—Step 707

In step 707, a set of transformation rules 1s applied to the
specialized class hierarchy generated 1n step 705. FIG. 20
illustrates an example of such transformation rules. The
cifect of these transformations 1s a simplification of the
inheritance structure, which may result in a reduction in the
number of compiler-generated fields 1n objects, and hence 1n
a reduction of object size. It 1s 1important to realize that the
number of explicit (i.e., user-defined) members contained in
cach object 1s not affected by the transformations, with the
exception that a member’s declaration and definition may be
merged. The conditions of the rules of FIG. 20 are designed
in such a way that classes are only merged 1f no object 1n the
program becomes larger (i.e., contains more members) as a
result of the merge.

In Rule 1 of FIG. 20, the “merging” of two classes X and
Y (where X 1s a base class of y) involves the following steps:

1. A new class Z is created that (virtually, nonvirtually)
inherits from all (virtual, nonvirtual) base classes of X
and Y. and that contains all members of X and Y.

2. Each virtual class Z' that inherits from X or Y 1s made
to inherit from Z 1nstead. This imnheritance relation 1s
virtual if the inheritance relation between X and Y or
the inheritance relation between Y and Z' 1s virtual;
otherwise it 1s nonvirtual.

3. All variables of type X and Y are given type Z, and all
variables of type X* and Y™* are given type Z*.

4. Classes X and Y are removed from the hierarchy.
Rules 2 and 3 are self-explanatory.

In order to understand the transformation of a specialized
class hierarchy, consider the specialized class hierarchy
illustrated in FIG. 19. FIG. 21(a) depicts this class hierarchy
before any transformations have been performed. In FIG.
21(b), the class hierarchy is shown after:

merging class Ty ;. ;.01 With class T, 2. 1. (Rule 1),

merging class Ty, ;g4 With class Ty, 25y (Rule 1),

merging class Ty, /..y With class Ty, q...m1(Rule 1),

eliminating the inheritance relation between class T, ;
(=g} and class Ty qp...1 (Rule 2), and

merging class T, ;4.1 With class Ty, . v (Rule 1).
FIG. 21(c) depicts the class hierarchy after:

climinating the 1inheritance relation between class
‘T{ffecf({il::f)?var(*ap')}? aHFi ClaSS T{Vﬂf"‘(ﬂ)} (Rllle 2)?

climinating the 1inheritance relation between class
T{dEGE(A::f)?VﬂIF(*Hp)} aﬂd ClaSS T{var(b)} (RUI@ 2)?

climinating the 1inheritance relation between class
TdEcEI(A::f)?var(*ﬂp)} aﬂd ClaSS T{var(c)} (Rllle 2)?

merging class Tyg.crcaix). defiagyr With class
T urayy (Rule 1), and

merging class Ty, /cunyaencpy With class To
(Rule 1).
FIG. 22(a) shows the hierarchy after:

climinating the inheritance relation between class

T{decE(A::g)} and class T{decE(A::x)?def(A::g)?Vﬂr(ﬂ)} (Rllle 2)?
climinating the inheritance relation between class
T{d’ecf(ﬁ::gj} and class T{decf((:‘::z)?def((:‘::f)?var(c:)} (Rlﬂe 2)?

merging class T{decg(g::g)} and class T{decE(B::y)?def(B::g)}
(Rule 1), and
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merging class Ty ra.pvarcrapyy a0 class Ty n4. P}
(Rule 1). FIG. 22(b) shows the hierarchy after merging

class Ty, .zca..00 and class T mr(* ) def(A 1 (Rule 1).
FIG. 25(6) shows the hierarc

climinating the inheritance re“atlon between class

T{decE(A::g)?var(*ap)?def(A::f)} and C“aS? T{var(bj} (Rllle 2)?
ation between class

climinating the inheritance rel

T{decE(A ). var(*ap),

var(c) } (Rllle 2) an
merging class Ty 1p..v) depm 0 a0d class Ty, 400 (Rule

1).
The final result, shown in FIG. 22(d) is obtained by replac-
ing all virtual inheritance relations by nonvirtual relations

(three applications of Rule 3).

In step 707, the variable declarations 1n the program may
be updated to take 1into account the transformations
described above. In the alternative, the object model of the
program generated by a compiler may be updated to take
into account these transformations. In this case, the program
itself may remain unaltered, but the run-time representation
of the program would be updated to retlect the new class
hierarchy.

For example, when the original, specialized and simpli-
fied versions of the program of FIG. 11 are compiled using
the the IBM x1C compiler running on an RS/6000 work-
station with AIX 4.1, the sizes of the objects are as follows:

df(A ) and class T{decE(C’ .2),def(C:3f).

original specialized simplified
object a 8 bytes 52 bytes 8 bytes
object b 12 bytes 68 bytes 8 bytes
object ¢ 16 bytes 76 bytes 12 bytes

Notice that, as a result of applying the current invention, the
size of objects b and ¢ 1s reduced from 12 bytes to 8 bytes,
and from 16 bytes to 12 bytes, respectively. The size of
object a remains the same at 8 bytes. Note that in the
intermediate result (before applying the simplification rules)
the sizes of all 3 objects are much larger than before because
of an abundance of virtual inheritance 1n the generated class
hierarchy.

The class hierarchy specialization mechanism of the
present invention may be used 1n the compilation of program
in order to reduce the space and time requirements of the
program. A compiler 1s application program code that com-
piles a source program thereby generating a run-time rep-
resentation of the source program. As shown in FIG. 2, the
compilation process 210 accepts as an input (I) 212 a source
program, and operates on 1t to an end of generating an output
(O) 214 comprising a run-time representation of the source
program. The run-time representation 1s typically executable
on a specific computer architecture. The compilation process
typically includes front end processing (FE) 218, a symbol
table 220 for recording information about symbols 1n the
input program, intermediate language generation (ILG) 222,
optimization (OPT) 224, and back end processing (BE) 226.

The FE stage 218 typically converts the source program
212 to a (possibly) different internal form (IF) that may be
conveyed to the ILG stage 222. As part of the preparation of
the internal form, the FE stage 218 typically parses and
performs semantic analysis on the source program 212. The
front end processing may save imnformation i1n, and possibly
retrieve 1nformation from, the symbol information data
structure(s) 220. These symbol information data structures,
if they are used, may either be separate from or adjoined to
the mtermediate form. In addition, the FE stage 218 may
perform optimization techniques such as program slicing,
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techniques on the source program 212. Program slicing can
be used to eliminate from the source program 212 those
statements whose execution does not affect the observable
behavior of the program. A more detailed description of
program slicing may be found i F. Tip, “A Survey of
Program Slicing Techniques”™, Journal of Programming Lan-
guages 3, 3 (1995), pp. 121-189, hereinafter incorporated by
reference 1n 1ts entirety.

The ILG stage 222 produces intermediate language
instructions (IL) from the internal form of the program,
possibly consulting the symbol table 220. The intermediate
language form of the program may be conveyed to the BE
stage 226 either directly or by way of the optimization stage
224. If the intermediate language (IL) form of the program
1s conveyed to the optimization stage 224, then the optimi-
zation stage 224 produces a functionally equivalent and
preferably faster or smaller version of the program, typically
again in the mtermediate form. This version of the program
may then be conveyed to the BE stage 226. To this end, the
optimization stage 224 may be 1n communication with the
symbol table 220. Once an intermediate language form of
the program 1s received by the BE stage 226, either directly
or after optimization, the BE stage 226 generates executable
code that 1s functionally equivalent to the intermediate
language form of the program. In addition, for object
oriented programming languages, the BE stage 226 1mple-
ments an object model and generates code that implements
the object oriented features used by the source program 212.
In addition, the BE stage 226 may optimize the generated
code. The executable code generated by the BE stage 226 1s
a run-time representation of the source program. and 1s
typically compatible with a specific computer architecture,
for example the Windows®-Intel® architecture or a virtual
machine architecture such as the architecture specified for
the JAVA™ virtual machine. The constitutions and functions
of these elements are well known 1n the art and will not be
otherwise described here. For example, further description
on the various intermediate language generators and other
functionality of the compiler may be found in A. V. Aho et
al., “Compilers Principles, Techniques and Tools, Addison-
Wesley, 1986.

The class hierarchy specialization mechanism of the
present 1nvention may be integrated into the front end
processing stage 218 of the compilation process 210 pre-
sented above thereby eliminating instances of objects and
inheritance relations that are not necessary for the execution
of the program P. The class hierarchy specialization mecha-
nism of the present invention is preferably performed sub-
sequent to an operation that removes from the program code
whose execution does not affect the observable execution
behavior of the program. An example of such an operation
1s a program slicing operation. Program slicing can be used
to eliminate from the source program 212 those statements
whose execution does not affect the observable behavior of
the program. A more detailed description of program slicing
may be found m F. Tip, “A Survey of Program Slicing
Techniques”, Journal of Programming Languages 3, 3
(1995), pp. 121-189, incorporated by reference above in its
entirety.

In an alternate embodiment, the class hierarchy special-
1zation technique of the present invention may be performed
on a source program, thereby generating an optimized
source program. In this case, the optimized source would be
supplied as mput 212 to the compilation process 210.

The class hierarchy specialization mechanism of the
present invention may also be integrated into a software
application for program understanding and debugging.
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Preferably, the class hierarchy specialization mechanism of
the present i1nvention 1s utilized in conjunction with an
operation that removes from the program any code whose
execution does not affect the observable execution behavior
of the program. An example of such an operation i1s a
program slicing operation, details of which 1s described
carlier. Class specialization extends the applicability of
program slicing to object-oriented languages by indicating
which 1nstances of objects of a class hierarchy are used/not
used 1n obtaining a value computed at some point of interest
in a program. Class Hierarchy specialization may also be
used 1n tools for understanding and modification of the
design of class hierarchies.

The class specialization mechanism of the present inven-
tion 1s preferably applied to programs having the following
characteristics:

the program contains only default constructors and
destructors,

the program contains no abstract base classes or pure
virtual functions,

the program contains no multi-level pointers, or pointers-
to-members,

the program contains no explicit type casts,
the program contains no typedefs and templates,
data members are of a built-in type,

the program contains no distinct variables, parameters,
members or classes with the same name (virtual func-
tions with the same name are considered),

if the program contains an (implicit) type cast from a class
Z. to a replicated class X, then X 1s an immediate base
class of Z,

if the program contains a member access v.m or v—m that
statically resolves to a member m 1n a replicated class
X, then the type of v 1s X.

the program contains no pointer arithmetic,
no methods are called using the :: operator,
the program contains no execption handling constructs.

However, the present invention 1s not limited 1n this respect
and may be applied with additional steps to source programs
that do not have such characteristics and/or have additional
characteristics.

The mechanism of the present invention 1s capable of
climinating virtual inheritance. This will be illustrated by the
examplary program of FIG. 23, which exhibits virtual inher-
itance. FIG. 24 shows the basic information gathered for this
program 1n step 701. FIG. 25 shows the type constraints
computed 1n step 703. FIG. 26 shows the class hierarchy
constructed 1n step 705 of the algorithm. FIG. 27 shows the
class hierarchy resulting from the application of the simpli-
fication rules of FIG. 20 to the hierarchy of FIG. 26, and
FIG. 28 shows the updated main program. Observe that the
specialized class hierarchy no longer contains virtual
inheritance, which reduces the amount of time required to
access member located 1n virtual base classes, and which
reduces the amount of space required to represent objects a
and b as well.

In the IBM x1C compiler running on an RS/6000 work-
station with AIX 4.1, the size of the objects are as follows:
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original specialized stmplified
object a 24 bytes 64 bytes 12 bytes
object b 44 bytes 80 bytes 20 bytes

Observe that the intermediate result (the class hierarchy of
FIG. 26) requires more space to represent the objects due to
the heavy use of virtual inheritance. However, the final result
(the class hierarchy of FIG. 27) requires less than 50% of the
space that was originally required. Thus, the mechanism of
the present invention reduces the storage space required to
store the run-time representation of the program.

While the invention has been described above with
respect to particular embodiments thereof, those skilled in
the art will recognize that the invention can be practiced with
modification within the spirit and scope of the appended
claims.

We claim:

1. A program storage device, readable by a machine,
tangibly embodying instructions to perform method steps for
generating a representation of a program P, wherein said
program P has a class hierarchy H and uses a collection of
variables V, said method steps comprising:

1dentifying said class hierarchy H and said set of variables
V of said program P;

applying a set of transformation rules to said class hier-
archy H to generate a new class hierarchy H', wherein
said set of transformation rules performs one of the
following operations:
1) merging of two classes;
i1) removing a virtual inheritance relation;
i11) replacing a virtual inheritance relation with a non-

virtual inheritance relation; and

generating of representation of said program P based upon
said new class hierarchy H'.

2. The program storage device of claim 1, wherein observ-
able execution behavior of said program P 1s not affected by
said step of applying said set of transformation rules.

3. The program storage device of claim 1, wherein said
operation dictated by said set of transformation rules 1is
performed only 1f objects within said program P will become
smaller 1n size 1n relation to the size of corresponding
objects within said program P if said operation 1s not
performed.

4. The program storage device of claim 1, wherein said
class hierarchy H of said program P i1s a specialized class
hierarchy that 1s based upon a set of type constraints
assoclated with elements of said program P that must be
retained 1 order to preserve execution behavior of said
program P.

5. The program storage device of claim 1, wherein said
class hierarchy H of said program P i1s a class hierarchy
obtained by class hierarchy slicing.

6. The program storage device of claim 1, wherein the
step of applying a set of transformation rules to said class
hierarchy H 1s performed subsequent to operations that
remove dead code from said program P.
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